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1  Introduction 
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Embankments  and  Levee’s  form  an  important  civil  engineering  construction  and 
are  widely  used  for  supporting  transportation  lines,  construction  of  earthen  dams,  dykes 
to  protect  low  lying  areas  etc.,.  Construction  of  a  levee  is  carried  out  by  compacting 
layers  of  soil  excavated  from  close  by  borrow  pits.  Due  to  the  construction  methods 
employed  in  the  field,  it  is  possible  for  a  small  loose  pocket  to  be  present  within  a 
densely  compacted  embankment.  If  the  water  table  is  shallow,  the  embankment  may 
be  under  saturated  conditions.  The  seismic  behaviour  of  such  an  embankment  is  the 
subject  of  the  present  study. 

During  an  earthquake  the  saturated  soil  is  subjected  to  a  rapid  cyclic  shear  stress 
variation.  This  leads  to  densification  of  an  initially  loose  soil  element  causing  the  pore 
pressure  to  increase.  If  undrained  conditions  are  assumed  during  the  earthquake  loading 
the  increeise  in  pore  pressure  is  translated  into  a  lowering  of  the  effective  stress.  This 
results  in  liquefaction  conditions  when  the  excess  pore  pressure  equals  the  total  stress. 
Presence  of  such  a  liquefied  zone  in  an  embankment  may  result  in  slipping  of  the  slope 
of  embankment. 

In  this  report  a  series  of  dynamic  centrifuge  tests  conducted  on  sand  embank¬ 
ments  with  loose  pockets  of  sands  enclosed  in  them  will  be  discussed.  New  modelling 
techniques  to  prepare  a  loose  pocket  of  sand  were  investigated  in  the  first  series  of  ex¬ 
periments.  In  this  series  two  centrifuge  tests  were  conducted  in  which  fine  Nevada  sEind 
wcis  poured  loosely  into  a  one  dimensional  freezing  box  and  was  saturated  with  water. 
The  model  was  then  frozen  so  that  the  loose  section  of  the  model  is  not  compacted 
during  the  model  prepai'ation  phase  and  transportation  of  the  centrifuge  model  on  to 
the  arm  of  the  centrifuge. 

A  second  series  of  centrifuge  tests  weie  conducted  in  which  80  cS  silicone  oil  was 
used  as  the  pore  fluid.  This  model  fluid  will  simulate  the  inertial  effects  as  well  as  the 
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diffusion  i)ror(>ss<'s  like  fonsolidnrioii  (-orn'ctly.  Schofield  ( lOSl).  duriii<f  a  centrifuge  test 
conducted  under  'SO’  gravitic-,. 


In  this  H’port  the  facilirics  avaihd)le  at  the  Cambridge  Geotechnical  Centrifuge 
Centre  will  la*  discussc'd.  The*  iustiainieutatiou  usi'd  in  the  centrifuge  tests  is  out  lined. 
Th('  luaterials  us<‘d  in  the  centrifuge  tests  will  be  described.  Tint  centrifuge  test  proce¬ 
dure  ;uid  tlu*  presentation  of  test  data  will  be  explained  next.  The  model  preparation 
;\dopt('d  for  each  t('st  ami  the  data  :icquir(‘d  during  the  test  will  be  presented  seperatcly 
for  each  tt'St.  Souk*  conclusions  drtiwn  from  the  test  st'ries  will  la*  preseiitt'd  at  the  end. 

2  Facilities 

J.  i  Carn.hriiliir  Giujt.vrJiinail  Ct  ntrijiiijr  Cctitn; 

The  la-ani  centrifuge  at  the  Cambridge  Gt‘otechnic!\l  Centrifuge  Centre  has  an 
effective  radius  of  <'ibour  4.0  nietn's  and  a  maximum  tf'sting  gravity  of  155  g  and  is  a 
150  g-ton  machine.  The  c<‘nrrifuge  clunnlaT  has  a  diametrt!  of  10  metres.  The  beam 
centrifuge  was  commissioned  in  1975  ami  over  1100  model  tests  were  carried  out  using 
this  facility.  Tlie  opi'rarioii  of  the  la-ani  centrifuge  has  been  described  by  Schofield 
(19S0). 

2.2  Bumpy  Ruud  Earthquukr  Actuator 


The  model  earfluiuak<’s  in  rh<-  cenfrifnge  tc'sts  conducted  in  this  series  were  gen- 
<*rated  by  the  Bumpy  Road  .-Xctutitor.  Tin*  details  of  the  earthcpiake  actuating  system 
were  described  Ijy  Kutter  ;19S3).  The  schematic  diagram  of  the  actuator  is  presented 
in  Fig.l.  A  duraluminium  box  which  holds  the  model  <‘mbankment  is  suspended  on  a 
pair  of  flexilde  sti'nps  which  c'nahh*  the  lateral  movement  during  a  model  earthquake. 
There  is  a  toothed  rack  fixed  to  the  hiise  of  the  strong  l)ox  which  engages  with  a  counter 
part  on  the  bumpy  road  actuator.  A  sinusoidal  track  on  which  10  cycles  are  machined 
is  fixed  firmly  to  the  wall  of  the  centiifug<*  chamber.  An  earthquake  can  be  triggered  at 
the  desired  time  by  controlling  rhe  pn*ssures  acioss  a  double  acting  piston  which  makes 
a  wheel  on  rhe  actuator  to  come  into  coura<-f  with  the  .sinusoidal  track  (.see  Fig.l).  The 
radial  movement  of  tlu*  wheel  i>.  rranslatetl  into  lateral  movement  of  the  base  of  strong 
box  by  a  bell-crank  mechanism.  Since  the  eartlKpiake  actuator  was  put  into  operation 
in  1981  al)our  1400  earthquakes  events  havr*  l)<>eu  reeorded  on  a  wide  range  of  models. 
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Stnmg  box 


The  model  contniuer  is  u  srrouj!;  and  stiff  )><>x  made?  of  duraluminium.  The  inside 
dimensions  of  the  box  are  0.9  ni  a  0.4S  m  0.22  m  and  for  an  SOg  centrifuge  test  these 
dimensions  correspond  to  diiiiension.s  of  a  soil  laxly  of  72  m  x  3S.4  m  x  19.6  m.  The 
maximum  pay  load  allowed  for  a  dymimic  test  is  just  l)elow  300  kg  for  a  80g  test.  This 
correspond.s  to  a  soil  weight  of  about  100.000  tons  in  the  prototype. 

3  Instrumentation 

•V. /  AcceAermneter!!  (ACC) 


In  the  centrifuge  rests  reported  her<‘  miniature  i)ie'/o('lcctric  accelerometers  man¬ 
ufactured  by  D..J.Birchall  were  uscxl  to  nu'asure  the  accc.'leratious  in  the  soil  as  well  as 
the  input  acceleration  of  the  strong  box.  Tlx*  device  has  a  resonant  frequency  of  about 
oO  kHz  and  a  maximum  error  of  o  Vt.  The  weight  of  the  transducer  is  about  20  grams. 
Fig. 2a  shows  the  dimensions  <4‘  the  acc<'l(*romcter.  The  accelerometers  embedded  in 
the  soil  were  sealed  with  silicone  rublxT. 

The  accelerometers  wt’xe  caliberartxl  b('for<‘  <’ach  test  by  sidjjccting  them  to  a 
s.iturared  •2g'  acceleration  and  ni<*asuring  tin*  outixut  generated  «)n  a  cathode  ray  os¬ 
cilloscope.  The  caliberation  constant  for  <'€Mch  acc(‘lerometc*r  was  expressed  in  the  units 
of‘\7g-. 

A. 2  Pore  prea.-iurc  f.ra7i.<(iuci;r.-<  (PPT) 


Pore  pressures  in  the  sarnrated  soil  were  monitored  by  Druck  PDCR  SI  pore 
pressure  transducers.  This  tj'pe  of  pore  presstue  transducers  have  a  linear  range  upto 
300  kPii  and  weigh  about  10  grams.  The  corner  fretiuency  tjf  the  dynamic  response 
of  the  transducer  is  15  kHz.  The  maximum  erntr  is  0.2  'X.  In  the  centrifuge  tests 
rej)orted  here,  the  active  iliaphram  of  the  PPT  is  covered  with  a  porous  brass  stone. 
The  dimensions  of  the  PPT  are  presented  in  Fig.2b. 

All  the  pore  pressure  tramsducers  were  caliberated  by  applying  standard  water  pres¬ 
sures  on  the  active  diaphram.  Tlx’  output  generated  by  the  device  was  measured  using 
a  digital  voltmeter  and  caliberation  constant  wn.s  obtained  in  the  units  of ‘kPa/mV\ 


4  Materials 


4.1  Sand 

Two  gi'aclcs  of  sand  were  iisctl  in  tin?  c<?ntnfiige  tests  reported  here. 

4.1.1  LD  52/100  .^and 

Leighton  Buzzard  o2/10U  unfdium  den.s<?  sand  was  u.sed  to  construct  the  dense 
section  of  the  ku'ee  of  all  the  centrifuge  models.  Tlie  nominal  size  of  this  sand  is  0.225 
mm.  The  specific  gravity  of  the  sand  is  2. Go  anti  the  maximum  and  minimum  void 
ratio's  are  0.9S  and  0.5S5  r<'si)ectivelv.  This  sand  was  supplied  liy  D..J.Ball  and  Co., 
Colworth  anti  was  employed  in  many  a  centrifuge  tests  conductetl  in  Cambridge.  The 
grain  size  distrihution  of  LB  52,  100  .sand  i^  shown  in  Fig. 3a. 

4.1.2  Nevada  .-ai/id 

The  loose  ptjcket  of  the  levee  was  constructetl  by  tising  tine  grained  Nevada  sand. 
The  specific  gravity  of  this  sand  is  2.GS  anti  the  maximum  and  minimum  void  ratio's 
were  0.S94  and  0.516  respectively.  This  sand  was  supplied  by  Earth  Technology  corpo¬ 
ration  and  the  lalnnatory  tests  on  these  sands  were  reported  l)y  them. 

4.2  Silicone  utl 

The  pore  fluid  usetl  in  the  centrifuge  tests  GEM  3  tt)  6  was  silicone  oil.  The 
viscosity  of  this  t»il  was  SO  centistokes  in  all  t)f  these  centrifuge  tt'sts.  .A.  centrifuge  model 
saturated  with  high  \'iscosit\'  pore  Huitl  ."atisfit's  the  dynamic  time  scale  relationship 
and  the  consolidation  time  rat<’  effects  .sinmltaneou.sly. 

4.2  Water 

Water  was  used  as  pore  Huiil  in  centrifuge  tests  GEM-1  and  2.  The  loose  section 
was  sustained  in  that  state  by  fr<-«*zing  tin-  s<‘crion.  Henc<‘  water  was  used  as  the  pore 
fluid.  Deioniseil  water  was  ttsed  for  tfies«*  tests. 

5  Testing  procedure 

A  standartl  testing  procetlure  was  t*mployed  for  all  the  six  centrifuge  tests  reported 
here.  After  the  saturation  was  completed  the  centrifuge  model  was  transported  very 
carefully  onto  the  centrifuge  nrni.  Immediately  after  the  loading  procedure  was  com¬ 
plete  the  strong  box  wa.s  fi.\cd  to  make  the  centrifuge  model  level.  Pre  flight  checks 


\vf*r<'  ('oiuph'ri  <1  jit  this  .lust  In-ton-  ^r;iniu'4  "]>  ilu-  l■(ilt^if'u^•(■  motor.  th(-  stious' 

box  wns  released  to  haiiu,  fr<-<'ly  at  flu-  oiul  of  flu-  aiiu. 

The  C(-iitrifuu;<’  iu-ci-h-ratioii  was  inm-ased  in  stc-ps  of  20g,40)',C0)'  tind  80g.  At 
attcli  stage-  tli<-  port’  pre-sstire-s  within  rlu-  modt-l  wi-n;  inoniton-d  using  a  DVM.  Afte-r 
the  testing  !K'celer:itie)n  of  SOg  was  acliiev(-d  at  tlu-  (  (-ntroitl  of  tlu-  mod<-l  the  steady 
ucc(-leration  was  iniiintaiiu-d  for  20  niinnt<'s  Ire-fore  any  eartlKpiake  was  fired.  The  pore 
pressures  were  monitored  again  after  the  20  minutes.  An  eartlKpudce  was  fired  and  the 
data  was  plottt-d.  The  strength  of  the  .sul>s<-(jueut  eartlupiakes  was  gradmdly  increased. 
When  the  test  was  finished  the  e<-ntrifug(-  was  .show<-d  down  and  stopped.  The  model 
was  recov(-r<-d  from  flu-  pit  ear<-fully  aiul  tlu-  post  rest  profile  of  the  levee  was  measured. 

6  Presentation  of  test  data 

PL^’-l-l  suite-  of  programs  was  us<-<l  to  digitise-  rlu-  dara  re-e-orde-d  using  ti  14  channetl 
Rtical  tape  recorder.  The  e-artluiuake  srre-ngrh  is  e*.\press(’d  as  a  perce-ntage  of  the  cen¬ 
trifugal  acceleration.  The  acceh-rariou  rinu-  histories  are  pn-sented  with  the  transducer 
mimber  which  recorded  the  trace.  Tlu-  <-xc<-ss  pore  prt-ssures  gemn-ated  were  presented 
in  the  units  of  kPa  and  are  shown  with  the  transducer  number.  Each  of  these  traces 
contains  1024  dat;\  points  eoll<-cf(-<l  in  a  time  of  200  ms  giving  a  data  point  spacing  of 
1.95  X  10“  ‘  'econds.  Tlu-  Xycpiisr  fre<pu-ncy  of  the  tlivta  is  2.50  kHz. 


Schematic  diagram  showing  the  transitional  curves  before  and 
after  the  sinusoidal  wave  track 


Fig  1  Schematic  view  of  Bumpy  road  shaking  system  with 
the  strong  box  in  swung  up  position 
(after  Kutter,  1982) 


Fig.2a  Typical  dimensions  of  an  accelerometer 
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Fig. 2b  Typical  dimensions  of  an  pore  pressure  transducer 
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Fig. 3a  Grain  size  distnbuiion  curve  for  LB  52/100  sand 


Fig. 3b  Grain  size  distribution  of  Nevada  120  sand 
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7  Centrifuge  test.  GEM-1 

7.1  Confiijuratwn  of  tlir 

The  sei.smic  lespousc'  <if  itii  cuihaukuienr  wirh  a  loose  sand  ileposit  on  one  side  was 
investigated  In'  coiuhicting  a  <lyuaniic  centrifuge  test  GEM-1.  The  water  table  was  kept 
plush  with  the  top  of  the  einljaidnnent  in  this  test.  In  a  subsequent  t(?st  a  draw  down 
on  the  down  ^trealn  side  of  the  einbanknn’iit  is  included  and  the  loose  sand  deposit 
was  j)laced  on  '^he  up  stream  .-^itle.  In  this  centrifuge*  test  a  new  modelling  technique 
of  freezing  a  loose*  .-iaiid  depfjsir  and  placing  it  on  an  aria_\'  of  Peltier  Heat  Pumps  was 
investigated.  The  loost*  deposit  is  protected  from  tlensificarion  due  to  any  disturbances 
during  model  prepruatitrn  and  tranfer  of  ceiirrihigr*  model  on  to  the  centrifuge  arm. 

The  schematic  >ection  of  the  model  usetl  in  this  c<'ntrifuge  test  is  shown  in  Fig.T.la. 
This  report  discusses  tin*  new  iiKMlelliug  r«*chniqu<*s  use<l  in  this  test  to  construct  a  loose 
section  of  sand  in  a  relatively  dense  «‘mbatdauent.  Also,  the*  data  from  this  centrifuge 
test  will  be  presented. 

7.2  Conatructiuu  of  the  jiiodr.l 

7.2.1  Loo.^ft  .section  oj  Ihi:  eriihnii.lciimid 

The  problem  of  preparing  a  loos«*  saml  inotlel  is  that  it  is  likely  to  be  densified 
due  to  some  unavoidaltle  disturbances  during  tht*  transit  of  the  strong  box  from  model 
preparation  room  to  the  centrifuge  arm.  During  th<*  centrifuge  test  GEM-1  the  loose 
section  was  prepar<’d  in  a  'one  diuK'iisioual  freezing  box'  with  a  metal  base,  plywood 
sides  and  a  polysterem*  toj).  The  Xi'vatla  120  sand  was  rained  into  the  freezing  box 
and  the  instruments  an*  placed  at  rc*quiretl  iiositions  as  shown  in  Fig. 7. lb.  This  loose 
model  was  then  carehdly  saturate*!.  Once  the  satJiration  was  completed  the  freezing 
box  was  transfered  into  a  tlcep  fre<*ze  ami  was  maintaine«l  at  —20*^0.  The  water  in  the 
loose  soil  sample  freezes  from  the  base  aml  this  ic<*  front  propagates  upwards.  Care  was 
taken  to  align  the  PPT’s  properly  so  that  the  diaphram  of  the  transducer  does  not  get 
damaged  due  to  the  auomahnis  expansion  of  wat<*r  l)<*twe(*n  and  0°C.  Thermistors 
were  used  to  monitor  the  teinparature  *>f  the  soil  modc*l. 

7.2.2  Peltier  Device.'! 

The  fx'ozen  loose  motl<*l  is  then  transfered  onto  an  array  of  P(*ltier  Heat  Pumps. 
These  devic<’s  are  us<*d  to  pump  heat  from  the  frozen  soil  sample  to  the  strong  box  which 
was  txsed  as  a  large  heat  sixxk  duriixg  this  centx'ifxxge  tc'st.  The  design  and  construction 


of  the  Poltirr  Heat  Piunpiug  Array  (PHPA)  will  he  (liscaiss(‘d  in  a  Htihseqnent  technical 
report. 

7.2.S  Main  (•.vibunkvuint  section 

The  dense  section  of  the  einhankinenc  was  constructed  around  the  loose  frozen  soil 
model.  The  PHPA  devices  lu'lp  rlie  loo.se  model  to  sustain  in  a  frozen  state  during  this 
operation.  The  LB  52/100  sand  was  rained  from  a  sand  hopper  from  a  predetermined 
height  and  the  embankment  section  was  gradually  constructed  after  placing  the  instru¬ 
ments  in  the  soil  body  at  required  levels.  .After  the  preparation  of  the  embankment  was 
completed  a  vacuum  of  -27.5  nnu  of  Mercury  was  api>lied  to  the  iikkIcI.  The  embank¬ 
ment  model  was  saturateil  with  water  under  this  vacuum  while  the  PHPA  devices  were 
still  on.  The  water  table  at  the  end  of  saturation  was  maintained  plush  with  the  crest 
of  the  embankment.  The  modc'l  was  tlani  transfered  to  the  centrifuge  arm  keeping  the 
PHPA  devices  running  and  inaintaiuing  the  vacuum.  The  PHP.A  devices  are  switched 
off  once  the  nutdel  was  s<‘curcly  hung  at  the  <‘nd  of  the  centrifuge  arm.  The  vacuum 
pressure  was  slowly  releascch  W’lu.'n  th<‘  frozen  section  of  loose  sand  has  completely 
thawed  the  centrifuge  was  started.  It  was  assumed  that,  on  thawing  the  frozen  loose 
sand  sample  would  retain  its  high  void  ratio  if  it  was  not  subjected  to  any  disturbances. 
Smith  (1991). 

7.3  Centrifuge  test  data 

The  centrifuge  was  acceleraretl  to  SO  g  and  a  total  t)f  three  earthquakes  were  fired 
such  that  the  strength  of  the  earthquake  was  gradually  increased.  The  placement  of 
transducers  is  shown  in  Fig.T.lb.  The  time  histories  recorded  by  these  transducers  are 
presented  in  figures  7.2  to  7.7.  The  jicctderations  are  expressed  as  a  percentage  of  the 
centrifugal  acceleration  and  the  excos  i)or<*  pressures  tire  given  in  kPa  units. 

The  first  earthquake  hatl  a  strength  of  G.3  ‘X  as  measured  at  the  base  of  the  em¬ 
bankment  by  .ACC  1552.  This  is  shown  as  the  bottom  trace  in  Fig.7.2.  The  accelerom¬ 
eter  situated  in  the  crest  of  the  embankment  recorded  large  acceleration  indicating  the 
movement  of  the  crest  rowjtrds  the  loose  section  sitle  of  the  embankment.  Excess  pore 
pressures  were  generated  within  the  embankment  and  the?  traces  recorded  by  various 
PPT's  are  shown  in  Figs.7.2  and  7.3. 

The  acceh'iation  and  exce-ss  pore  pre.sstires  obser\'ed  during  earthquake  2  are  pre¬ 
sented  in  figures  7.4  an<l  7.5.  The  base*  acceleration  is  again  represented  by  ACC  1552. 
Large  suction  pressures  were  obse*rveil  near  the  surface  of  the  embankment  ns  indicated 


by  PPT  G159  iu  Fii!;.(  .4.  Tin'  irom  r;irrlK|u;ikc  3  art'  pii’scntod  in  tii>ur('s  7.G  and 

i.T.  The  profile  of  the  einl^ianknieiir  \va>  iiieasnrcd  Ijefore  and  after  rlie  canitrifuge  test. 
These  art'  presented  in  figure  7.?. 


Plate  7.1  Placement  of  the  Peltier  heat  pumping  devices 
and  instruments 


Plate  7.2  Construction  of  the  dense  section 


Plate  7.3  Frozen  loose  pocket  placed  on  PHPA  devices 


Plate  7.4  Final  profile  of  the  levee  before  saturation 


Plate  7.5  Settlement  of  the  crest  after  the  earthquakes 


Plate  7.6  Section  showing  the  loose  Nevada  sand  (observe  the  PPT  head) 


A)  Schematic  section  of  the  centrifuge  model  GEM-1 


Ml  ACC 
•  PPT 


B)  Placement  of  transducers  in  centrifuge  model  GEM- 1 


FIG.  7.1 
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8  Centrifuge  test  GEM-2 
S.  1  Configuration  of  the  test. 

The  seismic  response  of  iiu  emlnuikmeiir  wirli  a  loose  sand  deposit  on  the  upstream 
side  was  investigated  hy  conducting  a  dynamic  ctnitrifuge  test  GEM-2.  .\  draw  down  in 
the  water  level  on  the  down  stream  .-.ide  was  achiev<*d  after  the  centrifuge  has  accelerated 
tf)  SOg'  and  the  model  has  stahili/cetl.  A  thin  latex  rubber  barrier  was  used  to  prevent 
the  seepage  of  water  through  the*  centrifuge  model  (see  Fig.S.la).  The  water  table  was 
kept  plush  with  the  top  of  the  (•inbaukiiK'ut  at  the  start  of  the  test.  In  this  centrifuge 
rest  the  earlier  modt'lling  rechni([ne  of  freezing  5i  loose  stmd  deposit  and  placing  it  on 
an  array  of  Pt'ltier  Heat  Pumps  was  us('d  as  <lescribed  earlier.  The  loose  deposit  is 
protected  from  densilicari((n  due  to  any  <listurl>ance-  (hiring  moded  jireparation  and 
tranfer  of  c('nrrifuge  mode'!  on  to  the  c<“nrrifuge  arm. 

The  schematic  section  of  the  model  used  in  this  (•(•ntrifuge  test  is  shown  in  Fig.S.la, 
This  report  discusses  the  nc'w  modelling  technicpies  used  in  this  test  to  construct  a  loose 
section  of  sand  in  a  relatively  den.se  embankment.  Also,  the  data  from  this  centrifuge 
test  will  be  pr<\senr(’d. 

S.2  Construction  of  tli.<:  model 

8.2.1  Loose  section  of  the  embanhine.nt 

The  prolilem  of  preparing  a  loose  sand  moded  is  that  it  is  likely  to  be  densified 
due  to  some  unavoidable  disturbances  during  the  tiiinsit  of  the  strong  box  from  model 
preparation  room  to  the  centrifuge  arm.  During  the  centrifuge  test  GEM-2  the  loose 
section  was  jn-epared  in  a  ‘one  dimensional  freezing  box’  with  a  metal  ba.se,  plywood 
sides  and  a  polysterene  ttjp.  The  Nevada  120  sand  was  rained  into  the  freezing  box 
and  th(’  instruments  are  placed  at  required  positions  a.>  shown  in  Fig.S.lb.  This  loose 
modid  was  then  carefully  saturated.  Once  the  saturation  was  completed  the  freezing 
box  was  transfered  into  a  dec'p  freeze  and  was  maintained  at  — 20®C.  The  water  in  the 
loose  soil  samph'  frec'zes  from  the  base  and  this  ice  front  propagates  upwards.  Care  was 
taken  to  align  the  PPT's  proiierly  so  that  rlu'  diaphram  of  the  transducer  does  not  get 
damaged  due  to  the  anomalous  expansion  of  water  b(‘tween  4°C  and  0®C.  Thermistors 
were  used  to  monitor  the  tenniaiature  of  the  soil  modtd. 

5.2.2  Peltier  Dr.vices 

The  frozen  loose  inod<d  is  then  transfered  onto  an  tuTay  of  Peltier  Heat  Pumps. 


!() 


I  ln'M'  ilc\  ii-CN  iiic  ii^cd  ti.  jmiuji  ln  ;it  tioui  th.-  iio/i-u  *,<>11  sample  ro  rhe  .',t  lonjj;  box  which 
\v;is  used  ;is  :i  large  hi'ar  sink  dmiiu!  ihis  eeutrihige  lesr.  Tlie  design  and  <-<)ii.strnction 
1)1  the  I’eltier  Heat  Puiui)!!!';,  Ana\  i  PUPA!  will  ).<•  discussed  in  a  snl)seqtieut  technical 
leport. 

S.'i.!'/  SacjKKjv  harm  r 

A  thin  lati'x  ruhlier  shei-r  was  placi'd  at  the  ciuitre  of  the  niotlel  of  the  model  us 
shown  sch<nn;itically  in  Fig. S. la.  Tin*  hitex  shet't  i-as  sealed  at  its  ends  using  silicone 
ruhhei’  to  prewent  any  k'akage  from  rite  ends.  Similar  .^I'allng  was  prov'ided  along  the 
base  ol  the  hite.x  shei't.  Tlu‘  stidnes--  ot  rhe  seepage  liarrier  in  the  direction  of  the  model 
eartlniuake  was  assumed  to  l)e  in'gligibl<-. 

Main  i:t!ihtniLnii  ui  m  i  t tun 

The  dense  section  ot  the  embankment  was  <-onsrrncred  around  the  loose  frozen 
soil  model  which  was  siiimted  on  the  upstre.uu  siile  of  rhe  <*mbauknu‘ut.  The  PHPA 
devicf's  ht'lp  rhe  loose  model  to  sustain  in  a  frozen  state  during  this  operation.  The 
LB  52/100  sand  was  rtiiiied  from  a  sand  lioitptT  from  ti  prcdetcTiuined  height  and  the 
embankmi’iit  section  was  gradnall\'  constructed  afr<'r  placing  th(?  instruments  in  the 
soil  bod}-  at  re<[tured  levels.  .Afr<‘r  the  pn'par:itiou  of  tlu'  embankment  was  completed 
a  vacuum  of  -27.5  mm  of  Mercury  was  applied  to  the  model.  The  embankment  model 
was  saturated  with  water  under  this  vacuum  while  the  PHPA  dt'vices  were  still  on. 
The  water  taltle  at  the  <-nd  ol  saturation  was  nniintained  plush  with  the  crest  of  the 
embankment.  The  model  was  rh<-n  tr:msfer<-<l  to  the  centrifuge  arm  keeping  the  PHPA 
<levices  running  and  maintaining  the  \a<-imm.  Tin*  PHPA  (Uwdees  are  switched  off  once 
the  model  was  secur<-l\-  Imng  at  the  end  of  tlu'  i-entrifuge  arm.  The  vacuum  pressure 
was  shnvly  rel('as<-d.  When  the  frozen  section  of  loose  sand  Ints  comph'tely  thaw'ed  the 
centrifuge  was  started.  It  was  assumed  rh:it.  on  tintwing  the  frozen  loose  sand  sample 
wotdd  retain  its  high  void  ratio  if  it  was  not  subjected  to  any  disturbances.  Smith 

(1901). 

S..'i  Ce.iitrifuiji:  data 

The  centrifuge  was  accelerated  t«>  $0  g  ami  a  tottil  of  three  earthcpiakes  were  fired 
such  that  the  stn.nigth  of  the  earrh<iuake  was  grathudly  incr(“jis(>d.  The  placement  of 
rransdttcers  is  shown  iifFig.S.lb.  The  time  histories  recorded  by  these  transducers  are 
[tresented  in  figures  $.2  to  S.5.  The  acceU-ratious  are  e.xpressed  as  a  percentage  of  the 
centrifugid  acceleration  and  the  exc<'ss  pom  pre.ssures  are  given  in  kPa  units. 


'024.  data  fioinrt  per  transducer. 
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The  (•('utrifu^e  is  simii  up  ro  rhe  i(‘<|uir<‘(l  <-<'iiriitug;il  aeceleiatiou  of  ’SO  g  .  After 
the  centrifugal  model  has  oluained  a  steady  state  coufiguraticm.  the  drains  on  the 
down  stream  side  of  the  embankment  were  released  Ity  operating  a  pnuematic  valve. 
The  pore  pressure  transducers  on  th<‘  ui)stream  side  and  the  down  stream  side  of  the 
embankment  were  monitored.  On  achieving  the  retpiired  draw  down  of  water  level  on 
rhe  down  stream  side  the  pnuematic  air  valve  is  operatt'd  again  and  the  drains  were 
closed.  The  centrifuge  model  was  aliowtsl  to  achieve  a  steady  state  and  two  earthquakes 
were  fired  using  the  Bumpy  Rciatl  excitation  systtnn. 

The  first  eartluiuakt'  had  a  strength  of  23.1  '  as  measured  at  rhe  l)ase  of  the  em¬ 
bankment  by  .A.CC  1552.  This  is  shown  as  fh<'  bottom  trace  in  Fig.S.2.  The  accelerom¬ 
eter  situated  in  the  crest  of  the  <-ml>aukmeiit  i<'<-ord('d  large  accc'leration  indicating  the 
movement  of  the  crc'st  towards  the  loose  section  sale  of  rh('  <‘iui)aukment.  Excess  pore 
[uessuri's  were  geuerari-d  within  the  cml>ankmenr  and  the  traces  recorded  by  various 
PPT's  are  sliuwn  in  Figs, S. 2  and  S.3. 

The  acceieratioii  and  excess  pore  pii-ssures  ol)serve<l  tluring  earthquake  2  are  pre- 
sentt'd  in  figures  S.4  and  ii.5.  ihe  base  acceiertition  is  again  n'prestniti'd  by  ACC  1552 
and  was  25. G  i  during  this  eartliqiialaa  Large  suction  pressures  wert'  observed  near 
rhe  surface  of  rhe  einliankmeiit  as  indicated  by  PPT  G159  in  Fig. S.4.  The  profile  of  the 
embankment  was  measurt'd  liefore  and  after  the  cmitrifuge  ti'st.  These  are  presented 
in  figun'  S.G. 


Plate  8.1  Seepage  barrier  in  centrifuge  test  GEM-2 


Plate  8.2  Settlement  after  the  earthquakes  in  centrifuge  test  GEM-2 
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a)  Schematic  section  of  the  centrifuge  model  GEM-2 
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b)  Placement  of  transducers  in  centrifuge  model  GEM-2 
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9  Discussion  oil  centrifuge  tests  GEAl-l  and  (iEM-'i 


Based  oil  till'  ri'sulrs  from  the  ci'iirrituge  resrs  ClEM-l  and  GEM-2  it  was  observed 
that  rlie  PHPA  dm'ices  were  able  to  transfer  rlie  lieat  from  the  frozen  loose  pocket 
of  sand  to  the  heat  sink  (strong  box).  As  a  result  the  loose  sand  section  was  not 
disturbed  during  th<'  niodt'l  preparation  as  well  as  rr.'insportation  on  to  the  centrifuge 
arm.  For  the  freezing  tt'clmicine  to  l)e  emiiloyed  it  is  obvious  that  water  must  be  used 
as  pore  tiuid.  Hower  cr  if  pore  fluid  is  watr'r  tin'  excess  pore  pressures  generated  within 
the  soil  bo<K’  dissijiate  rajiidlr'.  For  the  correct  niod<“lllng  of  dynamic  time  scaling  and 
consolidtuion  iirocesses  the  model  pore  Huid  must  lie  'X  times  more  viscous  than  water 
(The  p<'rmeability  lieing  same  in  tlu'  model  and  the  luototypi.'  while  the  model  is  only 
I  X  of  tlie  si/e  of  the  protoryjie).  Silicoiii-  oil  who»‘  ^■i^cosity  is  SO  cS  is  list'd  as  pore 
f!ui(l  in  a  fOii  to  -ati^ly  tie  --carmir  law-. 

Four  ceutrifm;e  rest.-  were  pianned  wiih  .-.iiicone  oil  as  the  jiore  fluid.  It  was  pro- 
]ios<'d  to  simulate  the  trappim:  ol'  exce-.'.  pore  picssures  in  tht*  loose  pockets  of  sand 
due  to  the  presenct'  ot  impermeable  .--rrata  around  the  pocket.  Soft  Lasagne  sheets 
were  used  as  the  iniiiermeabK'  layei'.  Flic  perineal lility  of  rlu'  Lasagnt'  haver  was  de- 
rt'rinint'd  under  Ig  coiuliriou''  u.-'ing  a  laiialile  head  |)ermeomet('r.  These  experiments 
liai'e  yielded  a  permeabiht>’ ol  1;=  1. 1'J  ■  10“'  ni/  .-'. 

10  Model  control  tests 

Two  modi'l  re>r^  were  <'tmdui'f<'i!  uiidi'i  le,  ci)nd)tions  to  iin'esrigate  the  various 
methods  of  placmg  an  uupermeal >le  laia-r  of  Lasagne  m  the  sand  emliankment.  The 
models  were  <'ousrrucred  exactly  r<.-  rln'  -^aine  ''P<’cilicariou  as  the  centrifuge  test  models 
but  without  the  jilacemeiit  ot  rran''duci'i>.  The  typical  ^>ecrion  constructed  is  shown  in 
Figs.  10. 1  a  and  b.  T wo  thin  dural  platen  wen-  us<'d  as  former  plati's  lor  the  loose  section 
of  sanil.  The  dural  [)lare>  were  luliricateil  with  wati'r  barbed  silicoiu'  greast'  to  minimise 
the  disturbance  to  the  model  v  ia'ii  tln-\'  are  retracted  alti'r  the  end  ot  the  first  jihase. 
LB  o2/100  sand  was  rained  at  a  pn-detei nmi<-<l  rate  through  a  sand  hopper.  After  the 
>  v)!;- 1  ruction  ol  the  fir-'t  ])ha>e  •'hown  in  Fig.  10.  la  wa.-^  coniiih'teil  the  model  was  vacuum 
le\-('lled  to  the  di-sired  profile.  .\  auction  pressure  of  30  cm  ot  mercury  was  applied  and 
modi'l  was  thoroughly  (leaned.  Silicone  oil  of  SO  cS  \  iscosity  was  admitted  carefully  at 
the  base  of  the  model  at  a  \'ery  -^low  rate  to  avoid  [lijiing  and  boiling  oi  sand.  \\  hen  the 
model  i>  completely  saturated  to  the  phase  1  lei'el  the  suction  is  gradually  ri'leasi'd.  The 
dural  plates  were  retrai  ted  caretully  and  the  construction  ot  phasi'  II  of  the  model  was 


out  1)\'  liiiuiiiu  riic  LB  'j'2,  U)l)  .-.■oi'l  (L-'-ciiLcd  On  coinitlction  of  the 

I'oiistnicriou  (jf  the-  Icnco.  the  model  was  \  acinmi  levelled  to  tint  desired  profile.  .A.gaiii 
;i  suction  of  -30  cm  of  mercnin'  v.'tis  tipi'died  :md  silicone  oil  \v;is  tipplietl  ;ind  .silicont'  (til 
was  <dl(t\ved  at  the  httst*  of  the  model  until  the  model  w;is  completely  stitnrated  and  tlie 
oil  sett  has  reached  the  final  d('sired  le'cel. 

The  model  w;is  then  tillowed  to  st;md  for  ;it  letist  12  horns  on  the  laboratory  floor 
iifter  which  it  w;is  ctirefnlly  triiusported  to  the  centrifuge  chaniltt.'r  ;uid  was  loaded  on 
t<j  the  ;irm  <tf  the  centrifuge.  In  the  ctise  (tf  centrifuge  tests  GEM  3  to  6  the  suction 
[tressuif'  w;is  gr:iduiill,v  reletis.'d  and  the  m.strunu'iits  were  connected  to  the  data  slip 
rings  \  i;t  jtmetion  box.  The  ceutriftme  was  spun  up  id'ter  pre  flight  clu.-cks  as  described 
etirlier.  Howina'r.  in  the  etise  of  control  t.  sts  the  mod('l  was  then  unloaded  from  the 
eentrifutic  iirm  and  Itrouuht  btick  t(j  tin-  ia!)  iiooi  ;md  the  sueiioii  pressure  w:is  gradually 
ii'iease(i.  The  profile  ol'  the  lex-eo  wa-  t-.-asiired  ;md  the  settlement  wtis  ('stimated.  For 
the  dummy  tests,  the  obser\ed  'ettlemoiu  w;i.s  0.2  mm  ;it  the  crest  of  the  l('\-ee  and  no 
slippimr  of  slolie  oecuiaal. 

Dtised  on  these  control  tests  it  w;is  di-eided  tluit  tht'  proc('durc'  ol'  loading  a  model 
embankment  with  loose  pocla't  of  -tmii  v.'hile  nutint.aining  the  suction  pressure  was 
stitisftii'tory. 


Fiiz.  10. 1  a)  Phase  I  construction 


Dense  sand 


Loose  sand 


Fig.  10. 1  b)  Phase  II  construction 
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11  Centrifuge  test  GEM-^l 

11.1  CdhjiijniaiKrn  uj  tin:  t<:.-<t 

A  M'lu'iii.'itic  si'c  tiou  of  the  e('ntrifiig('  iiioclcl  GEM-3  is  presented  in  Fig.  11. la.  The 
lot'.. 'ion  of  the  rran.sdueers 's  uulicated  in  Fig.ll.ll).  In  this  test  the  loose  pocket  had 
a  tliii'kiiess  of  30  min  and  was  1(5  mm  long.  The  loose  section  was  placed  along  the 
width  of  the  strong  box  and  was  4S0  mm  wide.  The  silicone  oil  with  a  viscositj'  of  80 
cS  was  used  as  jiore  fiiiid  and  the  level  ot  the  oil  .sea  was  kept  plush  with  the  crest  of 
rlie  l«'\'ep. 

11.2  Coii..<t.ni<:ttui/.  dj  the  iiK/ih  l 

The  dmise  section  to  the  left  and  right  ot  t  Ik 'loose  pockt't  of  sand  shown  in  Fig. 11. la 
was  coiisrnuTed  by  raiiiiuc  oi  LB  .j'i,  100  sand  rhrough  a  sand  hoppi'r.  Former  plates 
were  fixed  in  position  using  papi-r  wedges.  Latex  rnbiier  slu'i'ts  wen*  jilaced  on  the 
sitlc's  of  the  loose  pockets  tu  pie'ceiit  the  dissipation  of  ('xci'ss  i)or<'  iiressiire.  .A.t  the 
end  of  phas('  I  of  coiisrrucriou  descrilied  in  section  4.0  thin  Ltisagne  slu.'ets  which  were 
softoiK'd  l)y  saturation  were  placed  on  rlie  nppt'r  surface'  of  the  loose-  jsoe'ket  of  sand 
(see  Fig.  1 1. la ).  Pha.se  II  coiistinctiou  was  carrie'd  out  as  described  earlier.  Instruments 
were  placed  carefully  at  tie-  reeiuirc'd  h'vc'ls  during  the  construction  of  the  embankment 
and  final  saturation  was  carried  out  afte-r  Phase'  II  construction  was  carried  out  as 
described  e'arlie'r.  Instruments  weri'  phice'd  e'are'fuily  at  the'  ree|uireel  le\’els  during  the 
construction  of  the  eiuljankiuenr  and  hnal  saturaiioii  w;is  carrieel  out  after  Phase  II 
cemstruction  eras  coiuplete'd. 

11.2  T(;.-<t  (lata 

Four  e'artluiuakes  were'  tireei  on  this  uiode'l.  The'  l»ox  ae'e'eleration  was  recorded  by 
.ACC  343G.  The  strength  of  the-  earthepiake'  was  ine-re'aseel  from  17.1  'A  in  the  first  earth- 
((uake  to  21.2  in  rlie  fourth  earrlniuake.  Liuge'  e'xe-e'ss  pore-  jiressures  were  generated 
within  the’  modi'l  lexe'e  and  ail'  recorde'd  liy  \arious  PPT  s  inelicated  in  Fig. 11. lb.  The 
centrifuge’  r<’sr  data  is  presi'iited  in  Figs.  11.2  to  11.0.  .Afte-r  the  centrifuge  test  the  final 
profile  of  the  le-xe’e  was  measured  and  post  te'st  inve-stigatiems  we’ie  cemducted.  The 
final  profile'  of  the’  le-xce  after  the  test  is  pre’si'ute'd  in  Fig. 11. 10. 


Plate  11.1  Placement  of  instruments  and  former  plates  in  test  GEM-3 


Plate  1 1 .2  Phase  I  construction 


Plate  1 1 .3  Impermeable  Lasagne  sheets  on  the  top  of  loose  pocket 


Plate  1 1 .4  Concoidal  slip  smface  observed  during  centrifuge  test  GEM-3 


Plate  1 1.5  Slip  surface  observed  from  the  crest  towards  upstream  side 


Plate  1 1 .6  Floating  of  accelerometer  due  to  liquefaction  in  concoidal  slip 
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12  Centrifuge  test  GEM-4 

12.1  Configuintion  uf  the  test 

A  schematic  section  of  the  ci.-utrifuge  model  GEM-4  is  presented  in  Fig.  12. la.  The 
location  of  the  transducers  is  indicated  in  Fig.l2.1b.  In  this  test  the  loose  pocket  had 
a  thickness  of  40  mm  and  was  1.35  mm  long.  The  loose  section  was  placed  along  the 
width  of  the  strong  box  and  wtis  4S0  mm  wide.  The  silicone  oil  with  a  viscosity  of  SO 
cS  was  used  as  pore  fluid  and  the  let-el  of  the  oil  sea  was  kept  plush  with  the  crest  of 
the  levee. 

12.2  Coiistructiu'ii.  oj  the  nuidel 

The  (k.'use  section  to  the  left  ami  right  of  the  loose  pocket  (jf  sand  shown  in  Fig.  12.  la 
was  construeft'd  by  raining  of  LB  52/100  sand  through  a  sand  hopper.  Former  plates 
w('r<'  fixed  in  [)osiriou  using  pajx-r  wedges.  Latex  i\ibl)er  slieets  were  placed  on  the 
sides  of  the  loose  pockf'ts  to  prev(>nt  the  dissipation  of  excess  pore  pressure.  .\t  the 
end  of  phase'  1  of  e-oiisrnu'tion  <lescribeel  in  section  4.0  thin  Lasagne  sheets  which  were 
softeiu'd  Ijy  saturation  were  placed  on  the  ui)i)er  surface  of  the  loose  ])ocket  of  sand 
(see  Fig,12.1ui.  Phase  II  construcrion  was  carried  our  as  descril>ed  earlier.  Instruments 
were  placed  carefully  at  tlu'  re<[uired  levels  (.luring  the  construction  of  the  embankment 
and  final  saturation  was  earth'd  our  after  Phase  II  construcrion  was  carried  out  as 
describc'd  <'arli('r.  Instruments  weu'  plac<'d  carefully  at  tin'  i('(iuired  levels  during  the 
construction  of  the  embankment  and  final  .saturation  was  carried  out  after  Phase  II 
construction  was  compler('d. 

12.2  Test  (lat.il 

Four  ('arth([uak<'s  w(>re  fired  on  this  model.  The  Itox  acceleration  was  recorded 
by  .\CC  343G.  Th('  strength  of  the  eartlniuala'  was  incix'ased  from  15.1  %  in  the  first 
('artlninake  to  27.4  ‘  i  in  rite  font  rh  earrlu|uak('.  Large  ('xcess  pore  pressures  were  gener- 
atc’d  within  the  model  lexce  and  ari'  recorded  by  \arious  PPT's  indicated  in  Fig. 12. lb. 
The  c('ntiifuge  test  data  i.-^  pre>enr('d  in  Figs. 12.2  to  12.10.  .-Vher  the  centrifuge  test 
th('  final  [)rofile  of  tin'  le\-ee  ua>  niea.sured  and  post  ti-st  iina'stigations  were  conducted. 
Th<'  final  prohle  of  the  le\'ee  afr('r  the  t<'sr  is  pri'sented  if  Fig. 12.11. 


Plate  12.1  Uneven  settlement  along  the  cross  section  of  the  model  GEM-4 

(Plan  View) 


Plate  12.2  Slipping  of  the  levee  slope 


ol'  Lasagne  sheet  (Plan  view) 
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13  Centrifuge  test  GEM-.J 

13.1  Configuration  of  the  te.-it 

A  schematic  section  of  tlu*  centrifuge  niotlel  GEM-o  is  presented  in  Fig.  13. la.  The 
location  of  the  transducers  is  indicated  in  Fig.  13. lb.  In  this  test  the  loose  pocket  was 
triangular  and  formed  the  toe  of  rh<‘  levee  on  the  down  stream  side.  The  height  of  the 
loose  section  was  75  mm  and  its  length  was  250  inin  as  indicated  in  Fig.  13. la.  The 
loose  section  was  placed  tdong  the  width  of  the  strong  box  and  was  4S0  mm  wide.  The 
silicone  (til  with  a  visco.sity  of  SO  cS  wa^s  u.'-ed  a.-^  pore  Hnid  and  the  level  of  the  oil  sea 
was  kept  plush  witli  th<-'  crest  of  rlu'  le\'ee. 

13.2  Con.-itruction  of  fin:  nioihl 

The  dense  section  to  the  left  and  riuhr  ot  the  Ioo-m'  pockt't  of  sand  shown  in  Fig. 13.  la 
was  constructed  by  raining  of  LB  52,,  100  sand  tiu'ottgh  a  .'Uiul  hoppt'r.  Fttrmer  plates 
were  fixed  in  positicai  using  paper  wedges.  L;itex  tuitber  slieet  w;is  jtlaccd  (tn  the  left 
hand  .side  of  the  loose  pocket  t(;  prevent  the  dissipation  of  excess  p(.)re  pressure.  Phase 
I  and  Phase  II  construction  wtis  cturied  out  -as  dt'scribed  ('arlier.  Instrtnnents  were 
])laced  cart'full.v  ;»r  the  recptirtsl  levels  during  th('  construction  of  the  emb.mkment  and 
final  saturation  was  carri('d  out  after  Phase  II  construcfittn  was  c:irri(“d  (tut  as  described 
earlif'r.  Instruments  weia-  phice(l  carefully  at  the  reipiiiasl  levels  (hiring  the  construction 
of  th('  embankment  and  fiiitd  saturtuiou  wa^  carrie<!  out  after  Phase  II  construction  was 
complet('d, 

13.:)  Ti:.<t  liata. 

Four  eartluiinikes  were  tired  on  this  uaxlel.  The  box  ;icc('leration  was  recorded 
by  .\CC  343C.  The  strength  ot  the  etutlnpudte  was  nicretised  Irotn  li.l  '/!  in  the  first 
e;irth([U<'ike  to  27.3  '  1  in  the  touith  e;u rlniutike.  Ltu ge  e.xcess  [)ore  pix'ssures  were  gener¬ 
ated  within  the  model  levee  ;uid  ;uc  recorded  lu'  liulous  PPT  s  indicated  in  Fig.  13.  lb. 
The  centrifuge  test  datti  is  pieseuted  in  Figs. 13.2  to  13.11.  Long  t('rm  records  for 
etirtlKpiakes  1  ;uid  4  tire  presenfi  di  in  Figs.  13.4  atid  13.11  iespecti\'ely.  .After  the  cen¬ 
trifuge  test  the  fintil  profile  of  the  ievee  was  inetisureil  ;uid  post  test  investigations  were 
(■(inducted.  The  final  protile  of  the  le'.'ee  afti'i'  the  tesr  is  i)resent('(l  if  Fig. 13. 12. 


Plate  13.1  Placement  of  transducers  in  centrifuge  test  GEM -5 
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Plate  13.2  Final  profile  before  saturation 


Plate  13.3  Floating  of  PPT’s  due  to  liquefaction  of  soil 
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Plate  13.4  Sand  boils  formed  due  to  liqefaction 
(at  top  left  hand  coiner  and  along  the  left  hand  edge) 
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14  Centrifuge  test  GEM-G 


IJf.l  Con}i(j uratiov.  uj  the  te.<t 

A  schematic  section  of  tiie  ct'iitrifuge  model  GEM-C  is  presented  in  Fig. 14.  la.  The 
location  of  tht;  transtliiceis  is  indicated  in  Fig.  14. lb.  In  this  test  the  loose  pocket  had 
a  (juadrilateral  cross  section  as  indictited  in  Fig. 14. la  with  a  thickness  of  40  mm  and 
was  300  mm  long.  The  loose  section  was  placed  along  the  width  of  the  strong  box  and 
Wcis  4S0  mm  wide.  The  silicone  oil  with  a  viscosit}'  of  SO  cS  was  used  as  pore  fluid  and 
the  l('\'el  of  the  oil  sea  was  kept  plush  with  the  crest  of  th('  le\'ee. 

ructiun  oj  th(  iiKjilrl 

The  dense  sect  ton  to  the  ieit  and  i  iglit  of  i  he  loose  pocki't  of  sand  slunvn  m  Fig.  14.1a 
was  constrtteted  by  rainiiut  oi  LB  -Vi  TOO  sand  through  ;i  sand  hopi>er.  Former  plates 
were  fixeti  in  jiosirion  itsinu  papei  wedges.  Latex  rubln-r  sla.'t.Us  wt're  j-tlaced  on  the  left 
hand  side  of  the  loose  poi  ket  to  prev  ent  the  dissipation  of  excess  i)ore  i)ressure.  .^t  the 
end  of  phase  I  of  constincrion  liesciiited  in  section  4.0  thin  Ltistigne  sheets  which  were 
softened  1  jv  sattnatioii  \veie  plac-ed  on  tin-  upper  surface  of  the  loose  p(;cket  of  sand 
( s('e  Fig.l4.1ai.  Phase  II  coii't hk'i ion  was  carried  out  its  de.scril)ed  earlier.  Instruments 
were  placed,  caiofullx  at  the  lojuited  levels  .luring  th<.“  construction  of  the  embankment 
;md  final  stituration  was  <-;uried  our  ;d’tei  Ph;is.‘  II  construction  was  ctirried  out  as 
described  etirlier.  Instruments  weic  [.lac.-.l  ctuefullv  tu  the  rtajuired  levels  during  the 
construction  of  the  embtuikment  t.nd  iimi!  stiturtition  w;is  cturied  out  tiftt'r  Phase  II 
construction  was  compl.-te.L 

14-ti  Tf\<t  tint  a 

Four  earth([n;ikes  were  hied  on  this  model.  The  box  acceleration  was  recorded 
l)y  .ACC  343G.  The  strength  of  th<'  earthiiuake  was  increased  from  12.0  VL  in  the  first 
eartluiuake  to  22. G  '  i  in  the  f.mrth  earth((uake.  L;irg<' exet'ss  pore  pressures  were  gener- 
iited  within  the  model  levee  and  tire  r<’corded  !)>'  various  PPT's  indicated  in  Fig. 14. lb. 
The  centrifuge  test  data  is  presente.l  in  Figs.  14.2  to  14.11.  Long  term  records  for  all 
the  transducers  during  and  aft.-r  earth(iuake  4  tire  presented  in  Figs. 14. 10  and  14.11. 
.After  file  centrifuge  test  the  final  prohle  of  the  levee  was  measured  tuul  post  test  in¬ 
vestigations  were  conducted.  The  hnal  profile  of  the  levet'  tiftc'i'  the  test  is  presented  if 
Fig.  14. 12. 


Plate  14.1  Slipping  of  levee  slope  in  test  GEM-6 


Plate  14.2  Dense  sand  overlaying  loose  portion 
(observe  change  of  color  of  sand  on  left  hand  edge) 
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15  Conclusions 

Dynnmic  (•(•urriiuu,('  iiiodclliug  of  :ui  t'uiljaiikuu'ur  with  a  loos<.'  pocket  of  sand 
enclosed  within  the  c'lnbaukiueut  was  canied  out.  Two  ctnitrifnge  tests  were  conducted 
using  freezing  techniciues  to  inaiutain  tin*  loose  faltric  ol  the  pocket  of  sand  which  was 
defrosted  after  loatling  the  in<jde!  on  to  the  centrifuge  arm.  The  model  preparation 
tcchui([ues  went'  fomul  to  Ije  satislactoi y.  .\  draw  down  was  achieved  in  the  centrifuge 
test  GEM-2  hy  (Wtracting  tlu'  watt'r  from  the  downstream  side  (jf  the  levee  during  the 
Higlit  using  a  pnuenuitically  oixaated  valve'  Ix'lore  any  earthcpiake  was  fired.  The  results 
from  tlu'se  rests  were  iouiid  to  In'  .-.atisfactoiA'.  However,  the  excess  pore  pressures 
generated  during  the  ('arrluiuakes  were  dissipated  lapidh'  as  water  was  used  as  pore 
fluid. 

Two  Control  Tesis  were  eoudr.iTi-d  to  iuv''stigare  the  setrlemeut  of  the  loose  I'tocket 
of  sand  wjieu  lugh  x  'seous  siheone  od  was  used  as  pore  fiuid.  Impermetihle  Lasagne 
shet'ts  were  placed  to  eiielosi- 1  hr  ioosr  pocket  ill  tile  eml xuikiiii 'lit .  Tlu’  results  Indicated 
riutr  hy  careful  transpoir  >)f  tic-  <'euriifuge  model  on  to  rlii'  arm  :ind  niiiintaining  the 
suction  pressure  of  •30  cm  o!  inerciir;.'  during  this  pluise  tli<'  settleiiK.’ut  of  the  loose 
pocket  could  he  liiuited  to  a  <  i y  small  iiuegiutudi'. 

Four  d\-n;unic  ceurrifuge  lesis  were  conducted  using  silicone  oil  <is  the  model  pore 
fluid.  In  etich  ot  these  ceunifuee  tests  the  geometrt'  of  the  loose  pocket  of  sand  was 
chaiigetl.  The  emhaiikmeut  slope  'uth'ied  a  slip  ditring  tlx'  eartlniiuila'  in  these  tests. 
The  slip  occured  pn'dominanriy  on  the  side  of  the  le\-ee  where  the  loost'  pocket  of  sand 
was  present.  Litiuehu'tlon  of  tlie  loose  sr<-riou  lesidted  in  the  slip  of  the  slope.  The 
(hifa  obtained  during  these  tests  is  picsenteil  in  this  report  together  with  the  post  test 
profih's  of  the  l<'\ce  slopes.  mui.  thorough  analysis  of  the  data  recordt'd  during  these 
tests  will  be  presented  ill  a  siib'eiiuenr  technical  report. 
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